Interfaces between inorganic materials and anharmonic polymers have potentially intriguing thermal transport behavior. The low thermal conductivity of amorphous polymers limits significant interfacial effects to polymer film thicknesses of only a few nanometers. We use time-domain thermoreflectance to directly measure interfacial effects in the thermal conductance of spun-cast poly͑methyl methacrylate͒ ͑PMMA͒ thin films and PMMA brushes "grafted-from" the substrate. PMMA brushes are expected to have polymer chains partially aligned perpendicular to the substrate, yet only a modest increase ͑13%͒ in thermal conductivity is observed over spun-cast layers.
A comprehensive understanding of heat conduction across heterogeneous interfaces remains incomplete. A particularly compelling problem is heat transport between polymers and inorganic solids. Interfacial thermal conductance can control heat transport in polymer nanocomposites when the inorganic nanoparticles are below a critical size.
1,2 Thermal rectification 3 may be possible at interfaces between polymeric solids, which exhibit significant bonding anharmonicity, 4 and inorganic solids. For these reasons, further experimental studies elucidating the nature of phonon transport across polymeric/inorganic interfaces are of interest.
Interfaces between materials act as barriers to heat transport. The interfacial thermal conductance ͑G͒ describes the amount of heat flux across an interface for a given temperature change. The importance of G in determining the total thermal conductance of a system is characterized by the Kapitza length ͑l K ͒ as follows:
which represents the length of a material of thermal conductivity ͑⌳͒ providing an equivalent thermal resistance as an interface. To directly probe G, the dimension of the material must approach the Kapitza length. This requirement proves challenging for low thermal conductivity materials like amorphous polymers. The effective conductivity, ⌳ eff , of a thin polymer film with bulk conductivity, ⌳ polymer , and interfacial conductance, G, in series is given by:
͑2͒
as a function of film thickness. According to this equation, appreciable change in ⌳ eff does not occur until the polymer layer thickness reaches the nanoscale. Time-domain thermoreflectance ͑TDTR͒ measurements are well suited for probing thermal transport on these length scales but have standard errors ϳ10%. 5 For example, if ⌳ polymer = 0.2 W / m K and G = 2 ϫ 10 8 W / m 2 K, the polymer film thickness must be ϳ9 nm before ⌳ eff falls by 10% ͑the first reliable detection of G͒. A 50% drop in ⌳ eff would provide more realistic experimental certainty and requires a film thickness of 1 nm ͑equivalent to the Kapitza length͒.
Increasing the polymer thermal conductivity would facilitate probing G in thicker polymer layers. Previous reports indicate that chain alignment, even in amorphous polymers, can increase thermal conductivity. Drawn amorphous bulk polymers demonstrated increases in thermal conductivity of ϳ1.5ϫ at uniaxial draw ratios of 4:1.
6,7 Similar increases of ϳ2ϫ have been observed for the in-plane thermal conductivity of spun-cast polymer films. 8 Consequently, probing the thermal transport of polymer brushes, which are also believed to exhibit anisotropic properties due to chain alignment in the thickness direction, 9 are of interest. In this letter, we use TDTR measurements on a thin film geometry to probe the interfacial thermal conductance between poly͑methyl methacrylate͒ ͑PMMA͒ and an inorganic solid. Both spun-cast PMMA films and chemically grafted PMMA brushes are investigated.
PMMA films were prepared on silicon substrates with a native oxide layer ͑piranha treated, hydrophilic surface͒ and without a native oxide layer ͑HF dipped, hydrophobic surface͒. Further details on spun-cast and polymer brush film preparation as well as TDTR measurements can be found in the supplementary information document available online. 10 Spun-cast polymer film thickness was modulated by varying the solution concentration. Polymer brush thickness was controlled by varying the polymerization time, which increased the molecular weight of the grafted chains. The measured effective thermal conductance ͑⌳ eff / t͒ reported here is a series sum of the PMMA film's conductance and the conductance of the Al/PMMA and PMMA/substrate interfaces as described by Eq. ͑2͒. Figure 1͑a͒ plots the measured effective thermal conductance for a series of spun-cast PMMA films with varying thickness on piranha treated and HF dipped silicon. For thicker films ͑Ͼ3 nm͒ the effective thermal conductance is linear indicating heat transport is dominated by the bulk thermal conductivity of PMMA. From this regime, the film is determined to have a thermal conductivity near that of bulk PMMA ͑0.20 W/m K͒. 11 Deviation from linearity at film thicknesses below ϳ3 nm indicate an interface effect.
The data in Fig. 1͑a͒ is fit to Eq. ͑2͒ with ⌳ polymer and G as free parameters. A plot of ⌳ eff versus thickness with the best-fit models is shown in Fig. 1͑b͒ 12 We cannot preclude the possibility that this high G is a result of pinholes or a reaction layer created during Al deposition. However, acoustic reflections observed in the in-phase signal allow us to confirm that films of Ն5 nm have the same speed of sound as bulk PMMA, providing evidence that these films are not damaged. The higher interfacial thermal conductance observed for PMMA on HF dipped silicon compared to piranha treated silicon results from the removal of the native oxide layer, which introduces an additional thermal barrier. To directly compare these data, the thermal conductance of a 2 nm SiO 2 layer ͑650 MW/ m 2 K͒ can be added in parallel with the PMMA/HF interfacial thermal conductance ͑420 MW/ m 2 K͒ giving a value of 250 MW/ m 2 K. This value is lower than that measured for the PMMA/piranha treated interface ͑300 MW/ m 2 K͒, suggesting that heat conducts faster across the PMMA/piranha treated interface. This faster heat conduction may result from stronger hydrogen bonding between PMMA and the surface hydroxyls on the piranha treated surface. 13 Figure 2 compares the thermal transport of PMMA brushes to spun-cast PMMA films. Surprisingly, the average thermal conductivity for the brushes ͑0.215 W/m K͒ is only Ϸ10% higher than that measured for spun-cast PMMA films ͑0.190 W/m K͒ in the same thickness range. Drawn bulk PMMA shows a 50% increase in thermal conductivity along the draw direction, 6, 7 which is theorized to result from increased alignment of the C-C backbone bonds along the thermal gradient direction. 7, 14, 15 A similar increase was expected for polymer brushes, which are known to exhibit chain extension when the spacing between grafted chains is shorter than the polymer's radius of gyration ͑R g ͒. [16] [17] [18] [19] We observe grafting densities ͑ = N A t / M n , where N A is Avogadro's number and = 1.19 g / cm 3 is the bulk density of PMMA͒ of 0.35-0.65 chains/ nm 2 , indicating sufficient overlap to force the extension of polymer chains into the brush regime. 9, 18, 19 As a further check of polymer brush quality, swollen chain extension was evaluated. For a constant chain length, brush thickness versus grafting density follows a power law relation ͑t ϰ n ͒. For chain spacingϽ R g , n = 0. For higher grafting densities, n has been reported to range between 1/3 and 1/2, [17] [18] [19] implying that as the spacing between polymer chains reduces, chains extend away from the substrate toward the all-trans conformation ͑contour length, L c ͒. Liquid cell ellipsometric measurements on a separate series of 
FIG. 2. ͑Color online͒ ͑a͒
Effective thermal conductance and ͑b͒ effective thermal conductivity of Al/PMMA/Si stacks comparing spun cast PMMA layers to PMMA brushes on piranha treated silicon substrates. Thermal conductivity is calculated by multiplying thermal conductance with the polymer layer thickness; for the polymer brushes, this includes the thickness of the initiator molecule.
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Losego et al. Appl. Phys. Lett. 97, 011908 ͑2010͒ brushes prepared using the same conditions but varying grafting density ͑by reducing the concentration of initiator molecules on the surface͒ reveal that our brushes follow a 1/2 power law dependence, which is consistent with the highest density PMMA brushes on silicon previously reported. 19 To evaluate why only a small enhancement in thermal conductivity is observed for PMMA brushes we attempt to quantify the amount of chain alignment in the dry state using the extension fraction ͑t / L c ͒. To a first order, this quantity represents the fraction of C-C backbone bonds aligned in the direction of the thermal gradient ͑i.e., normal to the substrate͒. On average, we find this value to be ϳ0.25. Although the dominant modes for phonon heat transport are not well understood in PMMA, a reasonable value for the phonon mean free path of ϳ0.7 nm has been reported. 6 Therefore, in a simplistic model, we estimate that phonons must travel greater than ϳ3 monomer lengths ͑0.24 nm/monomer͒ to achieve higher thermal conductivity than the amorphous limit. We can estimate the probability of finding three monomers aligned with the thermal gradient as 0.25 3 , giving a probability of ϳ1.5%. Thus, 98.5% of the material will thermally conduct at the amorphous limit, resulting in nominal enhancement. The PMMA brush's average speed of sound ͑3000 m/s͒ measured from the TDTR acoustic reflections being within 10% of the bulk PMMA value ͑2750 m/s͒ ͑Ref. 20͒ also suggests minimal chain alignment. Because thermal transport is approximately at the amorphous limit ͑phonon MFP ϳ0.7 nm͒, we neither expect nor observe any significant correlation between molecular weight and thermal conductivity.
The amount of alignment can be compared to drawn bulk PMMA by assuming that all strain contributes to extension in chain conformation and is uniform between entanglement sites. ͑Note: All drawn PMMA samples have molecular weights of 100-1000 kDa, well in excess of the entanglement molecular weight of 10 kDa͒. In the undrawn state, PMMA chains should be ideal random coils between entanglement sites. Assuming an entanglement molecular weight M e = 10 kDa, a Kuhn monomer molar mass of 655 g/mol and a Kuhn length of 1.7 nm, 21 we calculate the spacing between entanglements ͑2R g ͒ to be ϳ5 nm and L c = 20 nm, giving a starting extension fraction of 0.2. At a draw ratio of 4:1, this extension fraction will increase to 0.8. ͑Note that this draw ratio is near the physical limit as extensions of Ͼ1 would cause fracture.͒ Fig. 3 plots the increase in thermal conductivity versus the extension fraction for both the PMMA brushes and drawn PMMA data. This analysis shows that the brushes have an average effective draw ratio of 1.25:1. For the highest drawn PMMA polymers, the extension fraction of 0.8 gives a 50% probability of three monomers being aligned in the direction of the temperature gradient and a 10% probability of ten monomers being aligned.
Without the expected enhancement in thermal conductivity, interfacial thermal conductance cannot be measured for these brushes. Since the initiator molecule is ϳ2 nm, brushes of less than 5 nm thick are difficult to synthesize. As, Fig. 2͑a͒ demonstrates, this thickness is insufficient to accurately extract the interfacial thermal conductance.
In conclusion, the nanoscale sensitivity of the TDTR measurement permits the effect of interfacial thermal conductance on ⌳ eff of a polymer/inorganic stack to be detected. For PMMA layers Ͼ3 nm thick, ⌳ eff ϳ 0.20 W / m K, similar to bulk PMMA. For 1 nm thick PMMA layers, ⌳ eff for an Al/PMMA/Si stack drops to ϳ0.13 W / m K. Thermal measurements on PMMA brushes, which are believed to show chain alignment perpendicular to the substrate, only show a surprisingly modest increase ͑Ϸ10%͒ in thermal conductivity relative to spun-cast films and bulk values. This enhancement is postulated to be lower than drawn bulk polymers because over length scales probed by phonons, the polymer chains are less aligned. 
